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1INTRODUCTION
J. J . Thomson-1 as early as J897, showed that a system of rays
accompanies the cathode "beam that is of an entirely different char-
acter from the catdode rays. He found that these rays proceed nor-
mally from the face of the cathode, that they are not appreciably
deflected "by a permanent magnet, and that they possess very little,
if any, power of producing phosphorescence.
2
In J 906 Villard gave an account before the French. Academy cf
the rays accompanying the cathode beam which are :iot so readily de-
flected as the cathode beam but which were deflected in such a di-
rection and by such an amount as would be expected of the "canal
strahlen." He noticed that in a mixture of oxygen ana hydrogen (or
water vapor) the cathode rays produced a luminescence characteristic
of oxygen, but when the cathode rays were deflected aside by a mag-
net there remained rays which produced a luminescence characteristic
of hydrogen. He explained their presence by saying that they were
the positive "canal" rays which fall against the cathode and rebound.
To explain their rebounding beyond the limits of the cathode dark
space, the fall of potential through which gives them the velocity
with which they strike the cathode, he assumed that the potential
fall underwent rapid variations or was even discontinuous. A strobo
scopic test showed this to be true; however, this is to be expected
since he used a transformer to produce the discharge.
The following year Thomson showed, independently, that these
1 Proc. Camb. Phil. Soc, IX, p. 243, J 897.
2 Oornptes Rendus, CXLIII, p. 673, 1906.
3 Phil, rag., XIV, p. 359, 1907.



2rays were deflected by strong electric and magnetic fields and that
they possessed considerable mass. In a later work he observed that
they were very feeble under the most favorable conditions of vacuum,
discharge potential, etc., and are exceedingly feeble when the gas
pressure in the discharge tube is very low. In this latter respect
they are quite different from ordinary canal or positive rays. Em-
ploying a tube having an opening of about .5 mm. in diameter he ob-
tained a photograph which showed that these rays contain (a) posi-
tively electrified atoms and molecules of hydrogen, (b ) positively
electrified atoms of oxygen, and (c) that there are also present
negatively electrified atoms of hydrogen and oxygen. The photograph
showed the intensity of the lines corresponding to the negative ions
to be greater than that of the positive ions: with the ordinary
positive rays the positive lines are the more intense.
In a discharge tube (like that shown in Fig. I, for example)
when the gas pressure is between a few hundredths and a few thous-
andths of a millimeter we have proceeding normally from the cathode
K in the direction toward the anode, A, cathode rays which are
streams of electrons. Extending out from the cathode in front is a
rather well defined region, in which there is no luminosity, called
the Crooke's or cathode dark space. Across this dark space takes
place most of the fall of potential between the terminals of the tub4
that is, in this dark space the electric force has its greatest in-
tensity. The cathode rays fall across this space and attain a suf-
ficiently high velocity to ionize the molecules of the residual gas.
The positive ions hare produced are urged, in obedience to the
4 Thomson, Cond. of Elect. Through Gases, 2d. Ed., p. 535.

electric force, in the direction opposite to the cathode rays and
fall back against the cathode or, if the cathode is perforated, they
shoot through and form the well known canal -strahl en or a beam of
positive rays, while the negative ions move down the field in the
direction of the cathode rays; however most of these moving through
regions of low potential gradient, will not acquire a high velocity;
probably not sufficiently high to produce ionization or to affect a
photographic plate. When the pressure is lower the positive ions,
in falling toward the cathode attain, when they get near it, suffi-
cient velocity to ionize the gas molecules. Of this ionization the
positive ions will proceed toward the cathode while the negative
ones will move away from it and, having most of the cathode dark
space potential through which to fall, will thus attain a velocity
sufficient to ionize the gas and to affect a photographic plate.
Some of these ions, after they have passed the limits of the dark
space, will lose an electron thereby becoming neutral while some
lose two electrons thereby becoming positively charged. This latter
occurrence gives us the anomaly of a positively charged particle
moving against the field, that is^ in the same direction in which a
negatively charged particle would be expected to move. From this
anomaly J. J. Thomson has called them "retrograde rays"; however,
the term retrograde rays has come to include all the carriers atomic
in size that move in the same direction as the cathode rays.
Purpose
The conditions under which retrograde rays are produced are
quite different from those that obtain for the ordinary positive
rays and for this reason it seems worth while to repeat and extend
Thomson's investigations.
'
1

4Thomson does not find the molecule of oxygen with the negative
charge while in this investigation the molecule of oxygen and the
molecule of hydrogen are the only carriers obtained with a negative
charge, no atoms appearing at all. The presence of helium in the
discharge chamber apparently makes no difference in the photographic
result. The reason for this is likely the arrangement of the appa-
ratus .
Thomson was unable to use a tube of less than .5 mm. bore while
in this case a bore of .05 mm. was used which gave a very fine,
sharp trace. This allowed quite accurate measurements to be made.
It is found that the power a moving particle has to affect a
photographic plate is a function of its kinetic energy as opposed to
its velocity or its momentum or its charge. The value of the mini-
mum kinetic energy required to affect the plate is found to be 6.5 x
!0~9 ergs.
METHOD OF INVESTIGATION
Probably the best way of studying these rays is to let them fall
on a photographic plate after being deflected simultaneously by
electrostatic and magnetic fields.
<
In this event it will be neces-
sary to obtain equations giving the velocity and specific charge as
functions of the electric and magnetic deflections, the values of
these deflecting fields, and other determinable quantities.
(a) The electrostatic deflection of a moving charged particle.
If the velocity of the particle, of mass m and charge e,
in a direction parallel to the x axis is v and if the electric forci
5 Thomson, Rays of Positive Elect., p. I J.

on it parallel to the z axis is Z, then the equation of motion is
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That is B is independent of either the charge, raas3, or velocity of
the particle. It depends only on the distribution of the electric
field and the distance of the photographic plate from the point of
projection. In this investigation the field is produced between two
parallel plates and does not extend throughout. However, we may
consider that the point of projection is in the plane of the first

edge3 of the two electrostatic platea, and let 1 be the distance
from this plane to the photographic plate. Between the two plates
we may assume that Z is constant and that it vanishes immediately
outside of this space. If b is their length in the direction of x
then from x = to x = b we would have Z = Z, while from x = b to
x = 1 we would have Z = 0. Integrating by parts the equation
B =
we get
J
B = 1
Z dx) dx
01
Z dx - x Z dx
o
putting in the above limits we get
B = 1 Z x
J o
or
B = b (1 - |)Z
so that the deflection in the direction z becomes, when x = 1
Z = -2y Z b(l - &)
mv &
(2)
6(b) The magnetic deflection of a moving charged particle.
In the case of the magnetic field the force exerted by the
field on a moving charged particle is at right angles to the direc-
tion of the field and to the direction of the motion. It is equal
to H e v sin 9 where H is the intensity of the magnetic field, e is
the charge, v its velocity, and 9 is the angle between the direction
of motion and the magnetic field. In the case under consideration 9
is always 90° so that the force will be H e v and this being at righ4
angles to the velocity will not affect its speed but its direction
6 Thomson, Rays of Positive Electricity, p. 3, J 913.

only. If the particle is projected with a velocity v in a direction
parallel to the axis of x and if the magnetic field is parallel to
the z axis then the deflection will he in a direction parallel to
the y axis. If m is the mass of the particle and y is the deflectio:;
in time t then the equation of motion is
dt' dt
which becomes, if the origin of coordinates is taken at the point of
projection and since when x = ^JL = 0,
H e ^ dt = H e dx.
I
dt Jo
(3)
If the deflection of the particle is small we may write, neglecting
the squares of small quantities,
dx
and
dt
= v
= $L = v dy_
dt dx dt dx
Then equation (3) becomes:
m v = e H dxdX
Jo.
Now if y is the deflection when x = 1
We have
approximately
.
li nx
m v y = I ( j e H dx) dx.
Integrating by parts we get,
m v y = 1
Pi PI
e H dx - I x e H dx
o Jo
or
or if we write
mvy=e (l-x)Hdx,

3A
1
(1 - x)H dx,
we would have
= —— A. (4)y
Here A is a function only of the charge, mass, and velocity of the
particle. If the magnetic field he considered constant and equal
to H from the point of projection, which is to be taken as the ori-
gin of coordinates, i.e., from x = to x = a where a is the length
of the pole piece in the x direction, and if it be considered equal
to zero from x = a to x = 1, then when these conditions are imposed
A becomes,
As a rule the magnetic force is not confined to the space between
the plates but varies from the point of projection, even if it is
not in the edge of the magnetic field, to the photographic plate.
In this case A can be determined by the following method :-
Wind a coil of right-angled triangular cross-section such that
the longest leg is equal to 1 and the shorter leg small compared to
the depth of the pole pieces, then place the longer leg along the liib
rays and the smallest angle at a distance from this equal to the dis|-
tance to the photographic plate. The coil is connected to a flux
measuring instrument and the total number of lines passing through
the coil is determined.
If N is this number of lines
A = a(l - |r)H.
7
of projection with the right angle at the point of emergence of the
7 Thomson, Phil. Mag., XVIII, p. 344, Dec. 1909.



But from Pig. 2 we see that
PR
=
PR = 1 - x .
DE FD ' 1
Hence
=1N = | H M (1 - x) dx
N = — A
and hence
a = H 1 (5)
"DE"
So when N is known we can calculate A. N may conveniently be meas-
ured by a Grassot fluxmeter.
If now the magnetic and electric fields are applied simul-
taneously and the deflections y and z are not large the effects can
be superposed and the trace on the plate, since for each particle
having a definite value of e/m there is a large range of velocities,
will be a parabola symmetrical with respect to the z axis. Substi-
tuting the value of e/m from (4) into ( I.) we get
v = I B (6)
z A
and similarly
2. = ilB (7)
m z .A^
Prom (6) we see that for all particles having the same velocity y/z
is constant so that all of the particles of a given speed will lie
on a straight line passing through the origin. For all those par-
ticles having the same value of e/m, such as all the hydrogen atoms
j
with one charge, we would have a line represented by the equation
z = Const. y
e
which is a parabola. There will be as many parabolas as there are
kinds of. carriers.
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APPARATUS AND MANIPULATION
(a) Arrangement of the apparatus and manipulation.
The form of apparatus employed in this investigation was
similar to that used by Knipp8 in his work on the positive rays from
the Wehnelt cathode. It is shown diagrammatically in Fig. 3. A
photographic plate was put inside a light tight box and the rays
from the cathode, after passing through a tube and a set of dia-
phragms and through coterminous electric and magnetic fields, were
allowed to fall on a photographic plate. This plate could then be
taken out ana. developed.
A cylindrical glass vessel M about thirty five centimeters long
and about ten centimeters in diameter, is ground at both ends so tha,
they can be closed tightly by two pieces of plate glass pp and p'p'.
Three holes were drilled through the sides of this cylinder; two of
these for inlet of wire leads to the electrostatic plates, and the
third hole for the tube Which led to the pump, charcoal tube, and
drying tube. All three of these tubes are fastened in with Bank of
England wax. In fact w anywhere in the figure indicates a joint mad<-
of this wax. The glass plate p_£ has two holes drilled through it.
Through one of them the cathode extends, and through the other,
which is just back of the first, a similar anode extends. The rela-
tive positions of these are shown in Fig. 4. The cathode and anode
are each about two centimeters from the axis of the cylinder M and
|
are of aluminum. Inside the cylinder M is fastened a brass cylinder
A which has an opening in front of the cathode into which fits the
8 Phys. Rev., XXXIV, p. 215, Mar., J9I2.

—
- n
objective N . For use with the cold cathode this serves as a support
for the tube of fine bore and a pair of diaphragms. The opening in
the tube is about .1 mm. in diameter and in the diaphragms about .05
mm. in diameter. The line of the tube and the openings leads be-
tween two iron plates F 4. I mm. apart, which are the ends of the
pole pieces of an electromagnet, Fig. 4. These plates are elec-
trically insulated from the pole pieces by a layer of red wax and
so serve as an electric deflecting condenser. The wires through y'
coming from a large battery of small accumulators lead to these two
plates. This arrangement makes the electric and magnetic fields
coterminous. Figure 4 is a right section through the containing
vessel M, ee being the edge view of the electrostatic field plates
which are fastened with insulating wax to f and f, soft iron bars
of rectangular cross-section about II mm. each way. These are held
in place by being soldered at the ends to a brass ring d which fits
snugly into the brass cylinder A. The plate holder, which consists
of two brass cylinders b and c (Fig. 5), the one within the other,
also fits into the cylinder A. The position of the plate holder
determines the length of the path of the deflected ion. Ordinarily
the plate holder was pushed up against the ring d thus giving the
minimum path length. The plate holder has an opening about 3 cm. in
diameter placed off center to correspond to the position of the ob-
jective (indicated by the dotted line circle in Fig. 4). The film
of the photographic plate fits against the inside of this opening,
and is fastened to the brass disk i in Fig. 3 with some soft wax.
This disk is mounted on the end of a rod in the axis of b and c and
can be rotated about this axis by means of its connection to a glass
tube which can be turned in a ground glass joint by the knob as
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shown in the figure. Thus several exposures oan be made on one
plate. Four is a convenient number for a single plate when spaced
as shown in Pig. 5. To remove the photographic plate the glass end
plate p'p' was warmed with a Bunsen flame until the soft wax (made
of equal parts of bee's wax and resin) melted. In replacing the
glass plate the edge of the cylinder M was covered with the wax and
the plate after being heated was pressed into position while the pre
liminary pump was running. It thus required but a few moments to
draw it on air tight. The discharge vessel was exhausted by a Gaede
mercury pump supported by a preliminary oil immersion pump. Under
ideal conditions these pumps, with this particular apparatus, pro-
duced a pressure of .005 mm. of mercury in about twenty minutes.
The discharge was produced by a large Leeds induction coil
operated on ten storage cells. The discharge from this was so strong
that there was difficulty in' maintaining a vacuum even with the
pumps going and with the aid of a large charcoal bulb dipping into
liquid air. In general the vacuum improved with sparking. After a
few runs it was found that the liquid air could be removed after
about ten minutes and as the sparking and pumping continued it could
be dispensed with altogether. Finally the vacuum was so easily main
tained that it was necessary to keep the pump itself turned off for
about three fourths of the time. This rather rapid cleaning up of
the vacuum with sparking may be accounted for, in the opinion of the
author, by the bombardment of the cathode rays which liberates the
occluded gases in the walls of the glass and brass cylinders, freely
at first then more slowly, until the supply is exhausted.
There is a point of interest in connection with the charcoal
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j
bulb. It was left on the apparatus for weeks after its use was
found unnecessary, remaining all the while at the nearly constant
room temperature. The pumps were unable to produce a vacuum of
.005 mm. in fully three hours time when starting from atmospheric
pressure, and this was the case whether the bulb was heated for an
hour during that time or not. However, if it was pumped to a pres-
sure of one or two mm. and left to stand for ten to fifteen hours
then upon starting the pumps a vacuum of .005 ram. could be attained
in twenty to thirty minutes. This, strangely, was true even when
the vacuum had been let down for a very few minutes and then the
pump started again immediately. This indicates that the charcoal
at constant temperature absorbs quite rapidly some gases which it
gives up very slowly. Later when the bulb was sealed off a vacuum
of .005 mm. could be obtained in twenty or thirty minutes from
atmospheric pressure.
The photographic plate used was Seed's yellow label lantern
slide plate. This plate is very slow and hence produces great con-
9
trast which is the thing desired. Thomson points out that the
large ions affect only the surface of the film and do not penetrate,
like the faster moving electrons, into the film. Hence the plate
best suited for this work is one that is slow and that has a thin
film with a high percentage of silver. The best traces that could
be gotten in this investigation were in many instances so thin that
they could hardly be seen. They were obscured easily by the slight-
est fogging. For this reason a fast plate could not be used.
9 Thomson, Rays of Positive Electricity, p. 4.
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Seed's "Gilt Edge Number Twenty-seven" plate was tried but in every
instance fogging obscured the lines. The double coated Cramer
"Grown" plate was tried and found to be entirely too sensitive. Some
experience by another member of the department prevented the neces-
sity of trying the Cramer "X-Ray" plate. As an instance to show
that these carriers affect only the surface of the film, the author
gently stroked the film under water with a fine camel's hair brush
to remove foreign particles and it was found that, in sone cases,
the lines were entirely obliterated. Further, after the negative
had dried the lines could be obliterated by breathing on the film
and wiping it gently with a soft cloth. In both cases, other than
erasing the lines, no further change could be detected in the film.
It was found advantageous to put some alum in the fixing bath to
harden the film.
The developer used was ordinary hydrochinon. The time of
development being from six to twelve minutes.
The time of exposure varied from thirty minutes for the small
to three hours for the larger deflections. There seems to be a lim-
it to the intensity that is obtainable, for, after a certain length
of exposure the intensity of the lines did not apparently increase
with further exposure. This was true for long or short development
or even when they were exceedingly dim. This is in agreement, how-
they
ever, with the theory that affect only the surface of the film.
Thomson found that the retrograde rays were best obtained when
the gas pressure was not too low. The present photographs bear out
that fact very well. If the vacuum was kept about .002 to .004 mm.
scarcely. any trace of the rays could be found on the plate. The
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best pressure for their production seems, from this investigation,
to he between .015 and .008 mm.
At the beginning of this investigation some difficulty was ex-
perienced in getting even a trace on the photographic plate of the
electrons composing the cathode beam much less the retrograde rays.
It was naturally concluded that the tube through which the electrons
and ions were to pass was of too small a diameter. Fortunately
there was at hand another apparatus, complete, which was brought
into immediate use. A tube approximately .15 mm. in diameter was
mounted in front of the diaphragms in the objective and a number of
exposures made in which the two deflecting fields were varied over
a wide range. The dimensions of the important parts of this appa-
ratus are as follows :-
Diameter of tube »'5 mm.
Length of tube 8*00 mm.
Total length of canal through tube and diaphragms 15.80 mm.
Distance of photographic plate from mouth of canal £0.30 mm.
13.30 mm.
10. 20 mm.
Length of electric field
Length of magnetic field
6.60 mm.Distance apart of electric field plates
DISCUSSION OF PHOTOGRAPHS AND DATA
Three photographs are shown in plate I. The data relative to
these are given in Table I. The vacuum for each was maintained
without the aid of liquid air. In studying the exposures care must
be taken to properly orientate the photographs. Exposure a in each
is the first, while the one within the large circle, marked d, is
the last. A line drawn through the undeflected spot and the center
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of the plate, marked by the center of the small circle, constitutes
the z-axis for that exposure. In these photographs the magnetic
deflections are in the direction of the v_-axis, while the electro-
static deflections are along the z-axis. The directions of the
two fields were such as to deflect the negative carriers down and
away from the center, i.e., into the third quadrant, and the posi-
tive ones up and towards the center, or into the first quadrant.
Photograph 56 shows, on each exposure, both the positive and
negative constituents of the retrograde rays. The effect of in-
crease of the electrostatic field is shown.
Exposure a of plate 38 shows positive and negative ions only.
The positive ions seem to be slightly more numerous. This may be
due to the fact that they are very slightly deflected from their
normal route in the process of becoming positive which would cause
the positive lines to be broader and more diffuse as indicated else-
where in this discussion. Now after a certain length of exposure
the intensity of the line does not increase with further exposure
since only the surface of the photographic film is affected, so that
the positive lines, covering a larger area on the plate and yet hav-
ing almost the same intensity as the better defined negative lines,
make it appear that there were more of the positive ions than of the
negative. There is one heavy line due to the positive and one to
the negative ions. These are probably due to atoms and molecules of
hydrogen and possibly would resolve each into two distinct lines were
the magnetic field increased sufficiently. This, however, was im-
possible with the electro magnet employed at the time these photo-
graphs were taken. On the negative side is an additional faint line
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a little below the z-axis. This may he due to carbon or some other
heavier element. Exposure b, where the time of exposure was much
longer, shows this line due to the heavy elemement very distinctly.
In the exposure c_ the fclectric field was made zero. The deflections
are due to the magnetic field only and are at right angles to the
z-axis. They also have definite limits showing that there is a
lower limit for the velocity of the ions. This limit is slightly
greater for the positive ions than for the negative ones, i.e., the
positive are moving slower than
^
^the negative and hence are de-
flected farther. This is shown in exposure c in both photographs
and bears out the statement made earlier that the positive ions re-
sult from negative ions which have lost two electrons after having
passed the limits of the dark space. These exposures c also show a
nucleus separated from the central spot by a space comparatively
free of ions, thus indicating that the negative and positive ions
have a definite maximum velocity, i.e., such a velocity as is at-
tained by an ion that has fallen through the whole of the dark space
j
potential indicating that it has originated near the cathode itself.
This mecleus is drawn out into a parabolic line when the fields are
made stronger as shown in subsequent photographs. Stronger magnetic
j
fields should give proportionately larger vertical deflections. The
last exposure, d, on this plate was made with a greatly reduced mag-
netic field. The striking feature is that here are shown the three
kinds of carriers of electricity produced simultaneously; the elec-
tron, the negative ion, and the positive ion. The curve for the
electron shows distinctly parabolic. The head of the parabola indi-
cates that there is also a distinct maximum potential through which

the electron has fallen.
In plate 39 the pressure was maintained at about ore half that
for plate 38, otherwise the conditions were the same except in ex-
posure d the time was 20 minutes instead of LO minutes, and the
magnet current was due to 2.25 against J .7 amperes. The reduced
pressure has a marked effect. It is not so evident on exposure a
except that the central undeflected spot is clearer cut. Exposure
Id is much clearer, the hazy lines are sharpened and the heads of the
parabolas (for both positive and negative ions) are coming in to
evidence, while the heavy negative ion has only its head left, which
is remarkably clear, the rest of the parabola being visible on the
plate only under the most favorable light. Exposure c shows several
interesting points as regards the effect of pressure. As before,
the deflected ions are clear cut, there being little diffusion. How-
ever, the amount of the magnetic deflection is less with a magnet
current of 2.25 amperes than it is in plate 38 where the magnet cur-
rent is 1.7 amperes. In the latter case the larger deflection is
probably due to the lowering of the discharge potential that accom-
panies a higher pressure. In exposure d the heads of +he parabolas
in both the positive and negative lines are very well defined. The
magnetic field being weak, the electrons again appear showing an
intense head and shading off in the path of a parabola. On close
inspection the head of the electron line has, on the concave side,
two parallel bands resembling diffraction effects which may be due
to secondary or ionization effects.
There is always a central spot that is undeflected which is
probablv. due to neutral carriers which were negative originally but
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which have lost one electron before they get into the deflecting
fields. It would seem from this that a moving particle need not be
charged in order to affect a photographic plate. It is quite evi-
dent that the velocity of an uncharged particle must be above a cer-
tain value otherwise a plate would be affected by exposure to the
air in a dark room due to no other agency than to the velocity of
the air molecules produced by ordinary heat agitation. The mean of
this velocity at 0°C. for the hydrogen molecule is about 2 x .10
cm/sec. and for the oxygen molecule about 4.5 x JO4 . TThether the
ability of a moving particle to affect a photographic plate is due
to its momentum or its kinetic energy or simply to its velocity is
not definitely known. It seems reasonable to expect, however, that
it should be a function of one of these. On a number of the plates
the lines were distinct enough to be able to locate approximately
the place where the slowest ions would strike, i.e., those that had
Just sufficient velocity to affect the plate. These points were
found, in every case, to be well within the limits of the field, i.e
so far as the limits of the apparatus is concerned the lines might
have extended further from the origin. It occurred to the author
then to assume that there were particles which struck beyond the
last points of the visible trace but whose velocity was not suffi-
cient to cause them to affect the photographic plate. If the co-
ordinates of the last visible point in each line be measured and v
and e/m determined, then, for all such points, we should get a con-
stant showing this mimimum effect on the plate to be a function
either of the velocity, the momentum, or of the kinetic energy of
the moving ion. Table II shows values which are proportional to the

velocity, momentum, and kinetic energy for the points in question
on seven different lines. It can be seen that the values for the
kinetic energy are nearly constant while the values of the velocity
and the momentum are not constant.
TABLE II
Plate
85
86
87
88
Line
upper
lower
upper
lower
upper
lower
lower
A Const, x
Velocity
6.57
I. . 52
6.23
I .53
7.27
I .69
I .37
A Const, x
Momentum
12.5
52.5
12.7 I
52.48
19.4
60.5
6 i .7
A Const, x
Kinetic Energy
79.0
79.7
79.2
80.4
"J 02. 5
102.3
84.5
It thus appears that the power of a particle to affect a photographic
film probably depends on its kinetic energy. The mean of these val-
ues of the kinetic energy is 6.5 x JO""9 ergs which is the minimum
required. This may be different for an electron because of its size
This is somewhat larger than the energy required to produce an ion
which is J. .63 x I.0"11 ergs. This value 6.5 x JO"9 was calculated
from data obtained from this investigation, except for the value of
j
e, by the formula, kinetic energy = — — x e x v s . The value of e
was taken as 1.55 x 10 . The discrepancy in the constancy of
these values is due partly to the fact that the velocity varies with
the distance from the origin and the velocity enters as the square.
The exact position of the point is not easily determined and moreover
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the errors in the measurements with this apparatus are rather large.
Plate II shows (inside the large ring) a typical photograph
taken with the apparatus in its last refinement. The length of the
electrostatic field is b = I.I cm. and the length of the path is
1 = 1.58. (See Fig. 2) The triangular test coil has 1.9 turns of
wire and its dimensions are 1 = 2.52 cm. and DE = .63 cm. It can be
seen from the central undeflected spot that the opening is very small,
A positive made from this plate was intensified from which the
prints were made. The negative carriers are those in the upper lefti
hand quadrant while the positive are in the lower right hand quad-
rant. The y- and z- axes are as before. The negative lines show
distinctly the parabolic heads which are not in evidence on the posi
tive lines.
It was very evident from nearly all of the plates exposed that
the negative carriers are in preponderance over the positive ones.
This seems reasonable to expect since the distance to the plate is,
for the lower pressures, within the limits of the mean free path and
it is necessary to assume that every positive carrier has lost two
electrons between the outer limits of the dark space and the deflect
ing fields. If this is true we should expect that the lines due to
the positive carriers would not be so sharp as those due to the
negative carriers, the ions being deflected somewhat from their true
path in the process of losing an electron. Most of the photographs
bear this out. It is somewhat surprising, in consideration of the
foregoing, that this preponderance is not greater than the photo-
graphs seem to indicate unless the negative ion is more unstable
than the. positive ion. An additional suggestion in the same line
comes from a study of Thomson's photographs of positive rays, in a

PLATE II

TABLE III
Measurements for the Upper Line
ition z mm y mm. v x 10" 7 e/m x 10 * Elect. At.
Weight
Carri
I 3.34 6.42 6.37 .509 1.97 H2-
2 2.46 5.48 7.39 .504 J .99
«
3 ] .88 4.77 8.96 .500 2.00
H
4 1 . 12 3.51 3.0.38 .458 2.18
tl
Measurements for the Lower Line
1 3.34 1 .53 1 . 52 .029 34.5 V
2 2.46 1 .3J J. 77 .0288 34.8
It
3 1 .88 1 . J 6 2.04 ,02°6 33.8
ft
4 1.12 .64 2.50 .0260 38.5
rt
The data for plate 85 is as follows
:
Time of exposure 5.25 hours
Gas pressure varied between .008 and .018 mm.
Electric deflecting field 965 volts
Magnet current 4.25 amperes
A = 8040 B = 267 x JO9
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great many of which the negative counterpart is very weak or cannot
be seen at all on the prints when the positive lines are very pro-
nounced. The positive lines do not have the distinct parabolic
head that the negative lines have. They are also broader and more
diffuse. Joining the parabolic head to the center is a line due to
the secondary rays of Thomson. This is shown particularly in the
last photograph, where the electric field overlapped the magnetic
so that the secondary line does not join straight on tc the head of
the parabola. The data for exposure number 85, plate II, is given
in Table III. This shows that the carriers which produced the two
lines are the molecules of hydrogen and oxygen respectively. The
measurements of the coordinates were made with an ordinator composed
of a frame to which the plate could be fastened so that there was a
movable point above the plate capable of being carried in either of
two directions perpendicular to each other by micrometer screws. A
Grassot fluxmeter was used to determine N.
The data for plates 84, 86, 87 and 88 are shown in Tables IV, V
VI and VII respectively. All the photographs were exposed with resi]
dual air in the discharge chamber^ except number 88. In this instanc
it contained some helium but no trace appears in the photograph, in
fact in no case does anything appear in any of the photographs ex-
cept the lines due to the molecules of hydrogen and oxygen. In some
cases the positive rays are not visible.
The data show very well how the velocity varies for the carrier!
striking at the various points along the parabola, that it decreases
with increase of distance from the undeflected spot. The value of v
and e/m obtained for the smaller values of z are less reliable than

for those for which z is larger. The electric atomic weight of a
carrier Thomson10 defines as the ratio of m/e for that carrier to
m/e for the atom of hydrogen.
It was noticed in connection with these experiments that the
discharge in the chamber passed more easily with the presence of a
transverse magnetic field. Earhart11 has shown that this is true
for a longitudinal field.
10 Phil. Mag., XXI, p. 234, Feb., 1.91.1.
I I . Phys. Rev. , Feb
.
, 19 14.
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Position z mm. y mm. v x
Measurements for the Upper Line
JO"7 e/m x 104 Elec. At. Carrier
2.00
2.69
4.49
5.46
7.88
7. 10
.4464
.4906
Weight
2.24
2.04
Measurements for the Lower Line
2.00 I . 16
I .30
2.03
I .70
.0297
.0278
33.7
36.0
*2-
K2-
o -
The data for plate No. 84 is as follows:
Time of exposure 3.25 hours
Gas pressure varied between .005 and .0 15 mm. of
mercury
Electric deflecting field = J000 volts
Magnet current
A = 7900 B = 2763 x 10'
4.15 amperes
,8

TABLE V
Measurements for the Upper Line
—7 / 4
Position z mm. y mm. v x 10 e/m x JO Elect. At. Carrier
Weight
1 3.57 7.92 6.23 .490 2.04 Hg-
2 2.73 6.95 7.15 .494 2.03 "
3 2.12 6.04 8.01 .482 2.08
4 '1.52 5*16 9.54 .488 2.05 "
Measurements for the Lower Line
1 3.57 1.94 1.53 .0294 34.3 2-
2 2.73 1.7! 1.76 .0299 33.5 "
3 2.13 1.40 1.85 .0304 32.9 "
4 1.52 1.28 2.37 .030 J 33.2 "
The data for plate No. 86 is as follows:
Gas pressure varied between .008 and .0 18 mm.
Electric deflecting field 1045 volts
Magnet current 6 amperes
A = 10040 B = 2820 x 10
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TABLE VI
Measurements for the Upper Line
Position z mm
,
y mm. V X io-
7
©/ x I0
4 Elec. At.
Weight
Carrier
i <i • OO 7.65 7 27 . 51 60 1 . 94 2
2 2.22 6.84 7 .56 .4794 2.09
if
3 1 .72 5.75 8 .20 .4373 2.29
it
4 1 .34 5.25 9 .6 J .4679 2.J4
•i
Measurements for the Lower Line
1 2.58 1 .78 1 .69 .0279 35.6 °2"
2 2.22 1 . 57 1 .73 .0253 39.6
II
3 1 .72 1 .46 2 .08 .0282 35.5
II
4 I .34 1 oo 2 .23 .0253 39.6
It
The data for plate No. 87 is as follows:
Time of exposure about 2 hours
Gas pressure varied between .008 and .018 mm,
Electric deflecting field 980 volts
Magnet current 7 amperes
Q
A = .10780 B = 2644 x 10
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TABLE VII
Measurements for the Upper Line
Position Z rani
.
y ram. v x 10""' e/
fm x JO Elec. At Carrier
1 2 .58 6.7J 7.00
2 1 .75 5.42 8.30 .416 <i.4l
N
3 1 .83 5.81 8.51 .457 2. J 9
»l
4 1 .49 5.80 10.43 . 559 1 . 80
»
B 1 .89 5.55 7.87 .403 2.48
ft
Measurements for the jjower Liine
1 3 .45 I .76 ! . 37 °2
2 .00 1.15 I . 54 • u 1 o^± o i • u
»i
• 3 .96 1.60 2.19 .0323 3 1.0
4 j .46 1.36 2 . 50 .0314 31.9
2 .39 1.43 1.60 .021.2 47.2 n |
The data for plate No. oo is as ioiiows.
Time of exposure Oi^o nours
Gas pressure varied Det/^een .uuo ana • u i o nun •
Electric deflecting field 1045 volts
Magnet current 7 arrperes
A = 10800 B := 289 x I0 9

CONCLUSIONS
Photographs have been made of the curves traced by retrograde
rays from a cold cathode under new conditions and with results not
before reached; that is, they have been passed through a much finer
canal than before used so that the traces are fine and capable of
being measured quite accurately for this kind of phenomena. This
fine beam necessitated longer exposures during which the conditions
required to produce a trace, must be maintained. The distance from
the cathode to the photographic plate is shorter than in Thomson's
apparatus, coming at times within the limits of the cathode dark
space. Under these conditions the negative ion would not fall
through the whole of the dark space, since a part of it is cut off
by the presence of the tube, and hence would not attain the velocity
it would have had if it could fall through the whole of the dark
space. Accordingly the velocities here obtained are smaller than
those obtained by Ihomson. 12 He obtained the atoms of hydrogen
while in this investigation the atom did not appear but the molecule
of hydrogen was on every exposure. Another line which in most cases
seemed to be the molecule of oxygen appeared with the hydrogen mole-
cule. Thomson has apparently not found the molecule of oxygen with
a negative charge at all among retrograde rays. A photograph made
when helium was present in the discharge chamber shows no line on
the plate due to helium. The line due to the hydrogen molecule and
the other heavier carrier still persist.
Several photographs, at the beginning of this investigation,
12 .Phil. Mag., XVI, p. 657, J90S.
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were obtained which showed three types of carriers - the electrons,
the positive ions, and the negative ions - obtained simultaneously.
These are shown in exposures d, photographs 38 and 39, Plate I.
Tie pressures found most suitable for the production of retro- :
grade rays were between .008 and .0 15 mm. of mercury.
For seven different lines on the various photographs the van-
ishing points could be located. For these points the values of the
velocity and e/m were determined. A table made of values propor-
tional to the velocity, momentum and kinetic energy showed that for
these vanishing points the values proportional to the kinetic energy
were nearly constant; in fact, except for two values, were surpris-
ingly so. •his indicates that trie photographic activity is propor-
tional to tne kinetic energy of the moving mass. From this date it
was calculated to be 6.5 x I.0""9 ergs.
There seems to be a bare suggestion from a comparison of the
photograohs taken in this investigation with those taken by Thomson
1 '
of the positive rays, that the positive ion is more stable than the
negative ion.
The positive carriers gave lines that were more diffuse and
generally not so prominent as the lines given by the negative
carriers
.
SUlvlMARY OF CONCLUSIONS
The results of this investigation may be briefly summarized
as follows:
I For residual air the molecule of hydrogen appears on every
1.3 Thomson, Rays of Positive Electricity, '19 13.
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plate accompanied by a heavier carrier which in most cases is very
probably the molecule of oxygen.
2 An exposure with some helium in the tu^e made apparently no
difference in the result.
3 The negative lines are clearer and sharper than the positive
4 '"races for the three different kinds of carriers - electrons
positive ions, and negative ions - can be obtained on a plate from
a single exposure.
5 Retrograde rays can be obtained with a canal having a bore
of about .05 ram.
6 The best range of pressures for their production is between
.008 and .0 15 mm. of mercury.
7 The power of a moving particle to affect a photographic
plate seems to be a function of its kinetic energy and the minimum
-9
required for the heavy carriers is of the order 6.5 x J.O ergs,
which is larger than the energy required to produce an ion.
In conclusion I wish to express my thanks to Professor
A. P. Carman for the excellent facilities placed at my disposal for
carrying on the investigation, and to Dr. Chas . T. Knipp, under
whose direction the work was done, for his interest and help.
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